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AN OPTIMIZATION STUDY OF EFFECTS ON AIRCRAFI' 

PERFORMANCE OF VARIOUS FORMS 

OF €?BIT ADDITION 

By Barrett  S. Baldwin, Jr. 

SUMMARY 

Basic ram-jet a i r c r a f t  design considerations a r e  reviewed at a 
l e v e l  of s impl i f ica t ion  appropriate for  evaluation of external  heat 
addi t ion schemes. No d e f i n i t e  conclusions a r e  given as t o  the  r e l a t i v e  
advantage of external  combustion i n  comparison with conventional ram- 
j e t  combustion because of the  iiicoiiipl.etel?ess zf t h e  kc.~nwlec?ge of both 
a t  hypersonic speeds. Instead, s imi la r i ty  parameters are  derived which 
will allow a ready comparison when complete data  become avai lable .  
Possible var ia t ions  of quant i t ies ,  such as wing s i z e  r e l a t i v e  t o  engine 
s i z e ,  which would a f f e c t  t h e  comparison are eliminated from considera- 
t i o n  by deriving t h e  optimum values. 

INTRODUCTION 

Conventionally it has been possible i n  performance analyses t o  
consider wing-fuselage combinations and engines r e l a t i v e l y  independently. 
When ex terna l  combustion or i n t e r n a l  l i f t  i s  considered, as would be 
expected, the  in te rac t ion  between components increases .  I n  suGh cases 
maximum performance w i l l  not be achieved by merely maximizing t h e  wing 
l i f t  t o  drag r a t i o ,  nor t h e  engine over-all e f f ic iency .  Further t h e  
q u a n t i t i e s  which should be maximized depend t o  a grea te r  extent than 
formerly on the  p a r t i c u l a r  a i r c r a f t  mission under consideration. 

. 
I n  t h e  present report  the  simplest meaningful mathematical model 

which could be found f o r  ram-jet configurations has been developed f o r  
the  purpose of evaluating various heat addi t ion schemes f o r  high f l i g h t  
speeds. It i s  not possible t o  complete such evaluations at t h i s  time 
because of the  absence of necessary data. However, i-t: i s  believed t h a t  
a contr ibut ion toward analyzing t h e  problem has been made which w i l l  be 
usefu l  when t h e  necessary data  become avai lable .  
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To define performance quant i ta t ive ly ,  it i s  necessary t o  specify 
whether range capabi l i ty  o r  accelerat ion capabi l i ty  i s  t o  be maximized. 
After  t h i s  s tep ,  expressions f o r  the  performance i n  terms of basic  
design parameters a r e  adopted. The expressions se lec ted  a r e  j u s t i f i e d  
by reasoning based on the  use of revers ib le  heat addi t ion theory and 
t h e  use of dimensionless r a t i o s .  

I n  order t o  simplify t h e  comparisons, severa l  of the  design 
variables,  such as t h e  r a t i o  of wing s i z e  t o  engine s i z e ,  a r e  eliminated 
from consideration since the  optimum values a r e  derived. After discuss- 
ing  t h e  propert ies  of conventional ram-jet configurations with t h e  aid 
of t h e  simplified model, it i s  shown t h a t  t h e  e f f e c t  on performance of 
underwing heat addition can be expressed i n  t e r m s  of an e f fec t ive  l i f t  
t o  drag r a t i o .  Expressions f o r  t h i s  quant i ty  a r e  derived i n  the  two 
cases considered (range and acce lera t ion) .  The present model can be 
applied t o  other  types of heat addition; t h e  performance p o s s i b i l i t i e s  
of rocket ram- j e t  configurations a re  discussed b r i e f l y .  

The r e s u l t s  of previous invest igat ions of t h e  e f f e c t s  on airplane 
performance of combustion under wings a r e  reported i n  references 1 t o  8. 
These analyses a r e  based on a theory of heat addi t ion developed i n  
references 9 t o  12 .  

I n  references 1 and 2, a graphical method f o r  solving the  bas ic  
equations i n  t h e  two-dimensional case i s  developed. This t h e o r e t i c a l  
study was followed up by experiments conducted a t  t h e  NASA Lewis Research 
Center. The r e s u l t s  of these experiments a r e  reported i n  references 13 
t o  17. 

SIMPLIFIED PERFORMANCE THEORY 

I n  t h i s  sect ion,  the  problem of analyzing the  performance of air- 
c r a f t  which employ air-breathing propulsion f o r  accelerat ing t o  high 
ve loc i ty  o r  f o r  steady powered f l i g h t  i s  reviewed. 

For present purposes, t h e  f l i g h t  path i s  divided i n t o  three  p a r t s  
which a re  t r e a t e d  as independent missions. These are: (1) accelera- 
t i o n  t o  top speed, which from rocket terminology i s  c a l l e d  t h e  burnout 
ve loc i ty  mission; (2)  t h e  p a r t  of t h e  range achieved during steady 
powered f l i g h t  as described by t h e  o r i g i n a l  Breguet range equation; and 
(3) t h e  unpowered g l ide .  

Since only speeds below half  of s a t e l l i t e  speed w i l l  be considered, 
t h e  o r b i t a l  cen t r i fuga l  force w i l l  be neglected. The aerodynamic forces 
w i l l  be resolved i n t o  horizontal  and v e r t i c a l  components and only hori- 
zontal  motion w i l l  be considered. Methods f o r  correct ing these approxi- * 
mations will be noted but w i l l  not be included i n  t h e  development. 

* 
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The forces  due t o  t h e  f u e l  mass f l o w  w i l l  be neglected; t h a t  i s ,  
t h e  e f f e c t  of f u e l  i n j ec t ion  w i l l  b e  taken t o  be simple heat addi t ion as 
i n  references 9 t o  12. 
will be c i t e d  wherein the  forces  due t o  f u e l  mass flow a re  not neglected 
s ince they a re  dominant. 

For comparisofi, r e l a t ions  appl icable  t o  rockets 

Burnout Velocity Mission 

I n  hor izonta l  f l i g h t ,  t h e  t h r u s t  and acce lera t ion  of a rocket o r  
ram- j e t  configuration are r e l a t ed  by the expression 

w av 
g a t  T=-- 

where T i s  t h e  net  horizontal  t h rus t  as distinguished from t h e  usual 
engine t h r u s t ,  W i s  the  weight of the configuration and V i s  the  
ve loc i ty .  

For a p a r t i c u l a r  accelerated f l i gh t ,  t he  mass of t h e  configuration 
i s  a funct ion of t h e  veloci ty ,  and we wish t o  determine t h i s  func- W/g 

t i o n .  Equation (1) can be wri t ten as 

The quant i ty  T/-(dW/dt) is  equal t o  t h e  e f f e c t i v e  spec i f i c  impulse, 
I, so t h a t  equation (2) becomes 

= -1g - dV 
d( 2n W) 

For constant spec i f i c  impulse, t h i s  can be in tegra ted  t o  ob ta in  t h e  
well-known rocket r e l a t ion  

W i  V - Vi = Ig  2n - 
W ( 3 )  

where Vi and W i  a r e  i n i t i a l  values (see,  e.g. ,  r e f .  18) . For a ram- 
j e t  configuration, t he  spec i f i c  impulse eventually decreases as t h e  
ve loc i ty  increases .  I n  t h e  range of e f f i c i e n t  operation of a ram j e t ,  
t h e  quant i ty  which i s  more nearly constant i s  t h e  over-al l  a i rp lane  
e f f ic iency  q which i s  defined by the r e l a t i o n  
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where T i s  the  net t h r u s t  (engine t h r u s t  minus airplane drag),  Q i s  
t h e  t o t a l  heat energy added t o  t h e  air  per  u n i t  t i m e  ( f t - lb/sec)  , and 
L i s  the t o t a l  l i f t .  

The present notation f o r  heat addition, taken from references 12 
and 19, d i f f e r s  from the  usual engine terminology. 
several  advantages a f t e r  f a m i l i a r i t y  with it i s  achieved. 
i s  t h e  use of dimensionless r a t i o s ,  common i n  aerodynamics. 
the  use of the  theory of revers ible  heat addition which leads t o  con- 
clusions which a r e  otherwise not so apparent. For example, i f  t h e  forces  
due t o  f u e l  mass flow are neglected, t h e  f i r s t  and second l a w s  of thermo- 
dynamics require t h a t  t h e  over-al l  a i rplane e f f ic iency  be l e s s  than 1. 
No violat ion of t h i s  condition i s  t o  be expected f o r  air-breathing con- 
f igurat ions at speeds below half  of s a t e l l i t e  veloci ty .  
hand, i f  t h e  over-al l  a i rplane eff ic iency i s  much less than l /3 ,  it i s  
probable t h a t  some rearrangement of components can be found which will 
increase t h e  eff ic iency.  Consequently, there  i s  reason t o  conclude t h a t  
t h i s  efficiency should be roughly constant i n  the  range of e f f i c i e n t  
operation of air-breathing configurations . 

However, it has 
One advantage 

Another i s  

On the  other  

I n  terms of t h e  over-all  a i rplane eff ic iency,  equation (2 )  can be 
wri t ten as 

( 5 )  

The quantity - Q / [  (dW/g)/dt] can be recognized as t h e  heat content 
per  un i t  mass of t h e  f u e l  (see r e f .  1 9 )  and can be expressed as 

where vc i s  the combustion eff ic iency (a  number between 0 and l), k i s  
a dimensionless f u e l  heat content parameter, and V s a t  i s  s a t e l l i t e  
veloci ty  (26,100 f t / s e c ) .  The values of k f o r  gasoline and hydrogen 
( r e f .  20) a r e  

1 . 4  (gasol ine)  

3 -9 (hydrogen) 
k=[ ( 7 )  

I n  the present terminology t h e  t o t a l  heat addi t ion rate (Q) i s  used 
i n  t h e  place o f  the  f u e l  m a s s  flow -d(W/g)/dt. 
can be used t o  convert t o  t h e  usual engine terminology. 

Equations (6)  and (7)  
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Equations ( 5 )  and (6) can be combined t o  obtain t h e  r e l a t i o n  

For a constant value of the  product 
t o  determine the  desired r e l a t i o n  between veloci ty  and mass r a t i o  which 
i s  t h e  expression 

qcq ,  equation (8) can be integrated 

From t h i s  r e s u l t ,  it follows t h a t  f o r  a given f u e l  heat content 
parameter, k, given combustion efficiency, vC,  and given m a s s  r a t i o ,  the  
burnout veloci ty  i s  maximized i f  the  over-all a i rplane eff ic iency 
q = ( T V / Q ) L = ~  i s  a m a x i m u m  at all stages of the  accelerat ion.  

over a l a r g e  veloci ty  increment and equation (9)  would not be t h e  correct  
i n t e g r a l  of equation (8) .  However, it i s  convenient t o  divide the  acceler-  
a t e d  f l i g h t  i n t o  p a r t s  corresponding t o  several  veloci ty  increments and t o  
give consideration t o  tk  requirements f o r  maximizing the  over-all  a i rplane 
e f f ic iency  i n  each veloci ty  increment. 

Ir, prac t ice  the  over-all airplane eff ic iency would not be constant 

For f l i g h t  at constant a l t i t u d e  and s m a l l  veloci ty  increments, the  
orbital .  cen t r i fuga l  force  can be taken i n t o  account by replacing W i n  
t h e  over-al l  a i rplane eff ic iency by t h e  ac tua l  v e r t i c a l  force which i s  
equal t o  t h e  quantity 

Slowly varying a l t i t u d e  changes can  be taken i n t o  account as energy 
equivalent veloci ty  changes by subtracting from the  l e f t  s ide  of equa- 
t i o n  (9) t h e  quantity 

where h i s  t h e  a l t i t u d e .  
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Range Mission 

The Breguet range equation (see,  e .g., ref .  19) can be wri t ten as 

Range = kvc&)T=oZn W i  x 2000 miles 

where k 
and ye i s  t h e  combustion eff ic iency.  The product vc (LV/Q)T=o  i s  

an efficiency f a c t o r  which i s  usual ly  wr i t ten  as the.  product 
where ve i s  t h e  over-all engine eff ic iency.  However, when external  
heat addition o r  engine exhaust def lect ion i s  considered, it i s  not 
possible t o  f a c t o r  7 LV/Q)T =o i n  t h i s  way. Equation (10) does not 
include t h e  mass r a t i o  required t o  accelerate  t o  t h e  c ru ise  veloci ty  nor 
the  range achieved during the  unpowered g l ide ,  s ince these a r e  considered 
as separate missions. 

i s  t h e  f u e l  heat content parameter evaluated i n  equation (7) 

qe(L/D),  

I f  a rocket motor were used i n  t h e  place of an air-breathing engine c 

f o r  sustained f l i g h t  at constant a l t i t u d e  and veloci ty ,  equation (10) 
would become 

IgV L 2n - W i  x 2000 miles 
W Range = 2 - - 

V g a t  

Again equation (11) does not include t h e  mass r a t i o  required t o  acceler-  
ate t o  the c ru ise  veloci ty ,  nor the  range achieved during t h e  unpowered 
g l ide .  However, the  f a c t o r  2( IgV/Vzat) (L/D) f o r  t h e  winged rocket does 
correspond t o  the  f a c t o r  kqc(LV/Q)T,O f o r  t h e  air-breathing configura- 
t i o n ,  and hence i s  of i n t e r e s t  for comparison with heat addition schemes. 

The f a c t o r  kqc(LV/Q)T =o f o r  ram je ts  i s  expected t o  decrease with 

increasing vehicle speed or perhaps, with development, a: constant value 
of about 2.8 can be achieved at high v e l o c i t i e s  with gasoline as t h e  f u e l .  
The fac tor  
l i n e a r l y  with veloci ty  and reach a value of 2.8 a t  about half of s a t e l l i t e  
speed. 

2( IgV/Vgat) (L/D) f o r  the  rocket should increase almost 

If the o r b i t a l  centr i fugal  force i s  taken i n t o  account, the  powered 
range i s  increased by the  f a c t o r  1/[1 - (V/Vsat)2] i n  equations (10) 
and (11). 
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ANALYSIS OF EFFICIENCIES 

I n  general ,  we wish t o  consider an arbitrary hypersonic a i r -breathing 
configurat ion with a r b i t r a r y  heat addition i n  order  t o  determine c r i t e r i a  
for maximizing t h e  range i n  one case and for maximizing t h e  burnout 
ve loc i ty  i n  a second case. - 

S t r i c t l y ,  t h e  m a s s  r a t i o  should be fac tored  i n t o  a product of t h e  
r a t i o  of  i n i t i a l  t o  f i n a l  weight times the  r a t i o  of f i n a l  weight t o  pay- 
load weight ( r e f .  21) .  The burnout veloci ty  or range should be maximized 
a t  a given r a t i o  of i n i t i a l  t o  payload weight. For rockets t h e  r a t i o  of 
f i n a l  weight t o  i n i t i a l  volume i s  considered more important than t h e  mass 
r a t i o  i n  some cases (ref.  22) . However, f o r  present  purposes we w i l l  use 
t h e  simple mass r a t i o  as a measure of performance. 

I f  d i f f e r e n t  methods of heat addition were used at d i f f e ren t  regions 
of t he  f l o w ,  t h e  d i f fe r ing  values of combustion e f f ic iency  would be 
involved i n  t h e  optimization procedure. Similar ly ,  i f  severa l  f u e l s  were 
used, t h e  values of k would be involved. For s impl ic i ty ,  we w i l l  a t  
f i rs t  assume t h e  same heat content and combustion eificieiicy f o r  stll fuel 
so t h a t  t h e  optimum burnout ve loc i ty  and range correspond t o  m a x i m u m s  of 
( T V / Q ) ~  = and ( L V / Q ) ~  = o. 

A s  an example of t h e  procedure, and also t o  provide an approximate 
model f o r  comparison, a configuration cons is t ing  of a ram-jet engine and 
a wing w i l l  be analyzed from a s implif ied point  of view. 
assumed t h a t  all t h e  air which passes through t h e  engine undergoes t h e  
same thermodynamic cycle and exhaust def lect ion.  The lo s ses  caused by 
sp i l l age  and bluntness at t h e  i n l e t  and boundary l aye r  bleed and f r i c t i o n  
drag a re  t r e a t e d  as engine drag, while i n t e r n a l  shock lo s ses  a r e  assumed 
t o  be uniform and a re  included i n  t h e  thermodynamic cycle by means of  a 
k ine t i c  energy ef f ic iency  parameter ( r e f .  23) .  

It w i l l  be 

The t o t a l  forces  and heat power can be approximated by the  following 
expressions: 
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A l l  symbols a re  defined i n  appendix A .  The quant i ty  pVA i s  the  a i r  mass 
flow through t h e  engine, f u e l  m a s s  flow being neglected.  
and (14) are based on the  assumption t h a t  t h e  engine e x i t  plane i s  perpen- 
dicular  t o  t h e  e x i t  ve loc i ty  vector,  and t h a t  t h e  engine inlet  i s  at zero 
angle of a t tack .  

' 

Equations (13) 
c 

An expression i s  needed f o r  t h e  energy added per  unit  mass i n  t h e  
in t e rna l  flow ( the  quant i ty  i n  parentheses i n  eq. (15)) i n  terms of t h e  
quan t i t i e s  
expressions f o r  t he  forces .  

Ve[l + (Pe/PeVe2)] and V [ 1  + (p/pV2)] which appear i n  t h e  
We assume t h e  following r e l a t ion :  

(16) 
The reasons f o r  t h i s  assumption a r e  as follows: Equations (13) and (14)  
indicate  t h a t  t he  quant i ty  
l i f t  and t h r u s t  f o r  a f ixed  value of 8 .  Hence it i s  des i rab le  t o  u t i l i z e  
as l a r g e  a f r a c t i o n  as possible  of t h e  f u e l  energy toward increasing t h i s  
quantity.  The quant i ty  qt i s  a measure of t h e  e f f ic iency  of t h i s  conver- 
s ion .  Also it i s  des i rab le  t o  conserve as much as possible  of t h e  f ree-  
stream value of V [ l  + (p/pV2)]. The quant i ty  qk i s  a measure of t h e  
eff ic iency of  t h i s  conservation. Equation (16) i s  t h e  simplest  possible  
r e l a t ion  which has the  foregoing proper t ies .  The squares a re  necessary i n  
order  t h a t  be dimensionless, and i n  order  t h a t  equation (16) 
w i l l  be an energy equation i n  the  l i m i t  of l a rge  i n l e t  and e x i t  Mach num- 
b e r s .  In t h i s  approximate treatment of ram-jet and tu rbo je t  engines, it 
i s  not feas ib le  t o  use a more complicated r e l a t i o n .  For a p a r t i c u l a r  
engine, t h e  quan t i t i e s  may vary with t h r u s t  coe f f i c i en t ,  but  
t h e  values should l i e  between 1/2 and 1. 

Ve[1 + (Pe/PeVe2)] var ies  l i n e a r l y  with the  

qt and qk 

7-t and qk 

Inser t ion  of equation (16) i n t o  (15) y i e lds  the  r e l a t ion  

By rearrangement , 
follows: 

equations (l3), (14), and (17) can be wr i t ten  as 

. 
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where 

If t h e  q u a n t i t i e s  Ve/V, 8 ,  and S/A a r e  assumed Y t o  be independent 
var iables ,  and the  parameters 
known C O i l S t m t S ,  ecpations (18) t o  ( 2 0 )  form a self-consis tent  system 
from which considerable ins ight  i n t o  the appl icat ions and l imi ta t ions  of 
ram- j e t  and turboje t  a i rplanes can be obtained. 

L/D, v t ,  ijk, CD, C D ~ ~ ~  are taken t o  be 

Although several  of the  quant i t ies  appearing i n  equations (18) t o  (20) 
a r e  not f r e e  of ambiguity as defined, and these  r e l a t i o n s  have been derived 
only by approximation, it may be possible t o  e s t a b l i s h  them on a semi- 
empirical  b a s i s .  For example t h e  exact d e f i n i t i o n  of wing plan-form area 
(S)  should be such t h a t  t h e  t o t a l  l i f t  var ies  l i n e a r l y  with S, and t h a t  
she coef f ic ien t  of t h i s  var ia t ion,  (l/2)pV2(L/D)C~, i s  independent of 
VJV, 8 ,  and S/A. If not,  addi t iona l  
terms would be needed i n  equations (18) t o  (20) .  I n  some cases, it may 
be possible  t o  maintain the  simplicity of these  equations by varying 
geometric parameters which do not appear e x p l i c i t l y ,  such as wing camber 
o r  plan form. From the  present point of view, t h e  motive f o r  such varia- 
t i o n s  would be t o  e s t a b l i s h  a simple model which can be rigorously a n d y z e d  
and which contains most of the  essent ia l s  of the  problem, r a t h e r  than f o r  
any demonstrable improvement i n  performance. 

This may not always be possible .  

Similar ly  t h e  engine drag should include t h a t  port ion of t h e  ex terna l  
drag which i s  independent of t h e  wing plan-form area.  

The var ia t ion  of exhaust velocity with heat power can always be 
approximated by a r e l a t i o n  of the form of equation (20) i n  the  neighbor- 
hood of a given design point .  The constants q t  and <k can then be 
determined using equation (20) or  equation (16) as a def in i t ion .  Further 
d e t a i l s  of t h i s  procedure a re  given in  appendix B. 

Once t h e  expressions (18), (lg), and (20) for t h e  t o t a l  forces  and 
power are established, it i s  a straightforward procedure t o  form the  
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p a r t i c u l a r  eff ic iency r a t i o  under consideration, (LV/Q) f o r  range 
o r  (TV/Q)L - - 
be maximized with respect t o  t h e  design var iables  Ve/V, 8, and S/A f o r  c 

f ixed  values of t h e  design constants.  

T=O 
f o r  burnout veloci ty .  The r e s u l t i n g  expressions can then 

I n  pract ice ,  t h e  design var iables  may not be optimized f o r  reasons 
not considered here, but f o r  present purposes optimization serves t o  
remove these var iables  from consideration and hence leads  t o  s implif icat ion 
i n  t h e  evaluation of heat addi t ion schemes. 

Range Mission 

The ef f ic iency  r a t i o  f o r  t h e  range mission can be wri t ten,  by means 
of equations (18) , (19) , and (20) , as the  r e l a t i o n  

The condition T = 0 can be used t o  eliminate S/A from equation (24),  
t h a t  i s ,  it i s  seen from equation (19) t h a t  T = 0 i f  t h e  r e l a t i o n  

i s  s a t i s f i e d .  

Subsequent developments a r e  based on t h e  assumption t h a t  the  r a t i o  
of wing s ize  t o  engine s i z e  w i l l  be var ied t o  agree with equation ( 2 5 )  
when Ve/V and 8 a r e  varied.  The r e s u l t s  t o  be given w i l l  apply i f  
t h i s  condition i s  relaxed s l i g h t l y .  Quant i ta t ive  estimates of the  e f f e c t  
of such departures can be made using t h e  bas ic  mathematical model repre- 
sented by equations (18), (lg), and (20) .  
be fur ther  considered i n  t h e  present repor t .  

However, t h i s  point  w i l l  not 

Subst i tut ion of equation (25) i n t o  (24) y i e l d s  



and subs t i t u t ion  of t h i s  value in to  equation (28) y i e l d s  

b 

From equation ( 3 0 )  it i s  seen that  t h e  optimum range e f f ic iency  
depends only on t h e  two s imi l a r i t y  parameters q t J w / G  and 

[l + (1/2)C"oeng](L/D)/f iJ1 + (L/D)2 = XR. For present purposes & 
can be approximated by t h e  k ine t i c  energy ef f ic iency  defined i n  re fer -  
ence 2 3 .  Values of  d i f fuse r  k ine t i c  energy ef f ic iency  from 0.9 t o  1 .0  
a re  poss ib le  up t o  a Mach number o f  5 .  
( q t )  of 0.5 a re  typ ica l  f o r  ram j e t s .  An 
Mach nurnber of 5 .  Equation ( 3 0 )  is p lo t ted  i n  f igu re  1. With the  
parameter 
of (LV/Q),=, would be three  times t h e  ordinate  shown i n  f igu re  1. 
can be seen i n  f igu re  1 t h a t  t he  range e f f ic iency  f a c t o r  (LV/Q)T,o 
decreases monotonically as the  l o s s  parameter, XR, i s  increased, f o r  a 
f ixed  value of t h e  parameter 

Thermodynamic cycle e f f i c i enc ie s  
L/D of 6 may be possible  at a 

qdl + (L/D)2/& equal t o  a typ ica l  value of 3, t h e  values 
It 

q t , / m / a .  

Subs t i tu t ion  of equations (27) and (29) i n t o  (25) y i e lds  

f o r  t h e  optimum r a t i o  of wing plan-form a rea  t o  engine i n l e t  capture area 

For a l l  values of t he  l o s s  parameter, except those very near 1.0,  
t h i s  can be approximated by t h e  re la t ion  
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Equation (3 lb)  i s  p l o t t e d  i n  f igure  2 .  With t h e  parameter 
Kk(L/D)/CL equal t o  a t y p i c a l  value of 40, t h e  values of S/A would 
be 40 times t h e  ordinate  shown i n  f igure  2 .  

If because of low engine losses  o r  low L/D, t h e  l o s s  parameter i s  
less than the  quant i ty  ( L / D ) 2 / d m ,  then (S/A)opt i s  0, and a 
different optimization procedure s t a r t i n g  from equation (24) i s  required.  
This case w i l l  not be f u r t h e r  considered here.  

The heat power required t o  produce t h e  optimum value of range 
efficiency can be obtained from equation ( 2 0 ) .  
express t h e  heat power as a coef f ic ien t  defined by the  r e l a t i o n  

It i s  convenient t o  

.- 

With the a i d  of equation (6)  it can be seen t h a t  t h e  heat power coeff i -  
c i e n t  i s  r e l a t e d  t o  t h e  f u e l  mass flow d(-W/g)/dt by t h e  r e l a t i o n  

Subst i tut ion of equation (29) i n t o  (32) y i e l d s  

f o r  t h e  optimum power coef f ic ien t .  
f igure  3.  

This re la t ionship  i s  p l o t t e d  i n  

For a given f u e l ,  there  i s  a maximum value of CQ corresponding t o  
t h e  stoichiometric r a t i o ,  given approximately by t h e  r e l a t i o n s  

2 
‘Qmax = aTc(v) 

1/13 gasoline 

1/9 hydrogen 

( 3 5 )  



where V s a t  i s  s a t e l l i t e  veloci ty  (26,100 f t / s e c )  and vc  i s  t h e  combus- 
t i o n  eff ic iency.  
achieve t h e  optimum value indicated by equation (34 ) .  
v a r i a t i o n  of the efficiency with CQ i s  of i n t e r e s t .  Subst i tut ion of 
equation (32) i n t o  (28) y ie lds  

Because of t h i s  l imi t  on CQ, it may not be possible t o  
I n  t h a t  case, t h e  

(36) 1 2 q t w  41 + (Tt/vk)CQ - XR 

T =O Jii  [ (qt/qk)CQ 

Figure 4 i s  a p l o t  of the  eff ic iency f o r  several  values of ( q t / & ) C Q  
including t h e  optimum value previously given i n  f igure  1. 
sponding values of 
and (3la) i n t o  (26) which r e s u l t s  i n  the expression 

The corre- 
S/A a r e  obtained by subs t i tu t ion  of equations (27) 

This can be approximated by t h e  re la t ion  

Figure 5 i s  a p l o t  of 

It can be seen i n  f igure  5 t h a t  although t h e  optimum value of the  

S/A f o r  several  values of (qt/{k)cQ. 

r a t i o  of  wing s i z e  t o  engine s i z e  S/A increases with increasing values 
of t h e  loss  parameter, i f  there  i s  a maximum power coef f ic ien t  less than 
the  optimum power coef f ic ien t ,  t h i s  trend i s  reversed. 

Since the  f a c t o r  (L /D) / J l  + (L/D)2 usual ly  differs from 1 by only 
a few percent,  i n  many cases the'engine parameters can be optimized 
independently of t h e  wing parameters with l i t t l e  e r r o r .  I n  such cases, 
the  engine exhaust def lect ion can be s e t  equal t o  0 with a l o s s  of only 
a f e w  percent i n  over-all  range efficiency. 
[l + ( 1 / 2 ) c " ~ ~ ~ ~ ] / K k  a lso  d i f f e r s  from 1 by only a few percent, o r  t h e  
optimum power coeff ic ient  cannot be reached, t h e  s teep slopes i n  f igure  4 
ind ica te  t h a t  t h e  engine exhaust deflection can be important. 

However, i f  t h e  quant i ty  

The r e s u l t s  of equation (36) and f i g u r e  4 summarize i n  convenient 
terms several  r e s u l t s  which could be obtained only laboriously i n  more 
accurate s tudies .  For example, i f  the vehicle veloci ty  i s  such t h a t  t h e  
m a x i m u m  power coeff ic ient  imposed by the  stoichiometric r a t i o  (eq. (35))  
i s  much l e s s  than t h e  optimum power coeff ic ient ,  t h e  over-all  range 
e f f ic iency  f a c t o r  may have a very low value as can be seen i n  f igure  4. 
I n  such cases high energy f u e l s  which can increase the  maximum power 
coef f ic ien t  are of i n t e r e s t ,  even if the  heat content per  u n i t  m a s s  of 
t h e  f u e l  i s  lower than it i s  f o r  gasoline. Also, it i s  expected t h a t  
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external heat addition w i l l  provide l a r g e  gains i n  such cases because of 
t h e  use f o r  combustion of otherwise unused a i r  r e s u l t i n g  i n  an increase of 
t h e  effect ive power coeff ic ient .  I n  general ,  if t h e  value of addi t iona l  
l i f t  due t o  ex terna l  combustion times vehicle ve loc i ty  divided by t h e  
external heat power exceeds t h e  over-al l  range e f f ic iency  f a c t o r  (LV/Q), =o, 
t h e  external combustion w i l l  increase t h e  range. The l i n e a r  theor ies  of 
references 4 t o  7 indicate  a value of t h i s  r a t i o  f o r  ex terna l  heat 
addition given by 

which, a t  Mach numbers grea te r  than about 5 ,  exceeds t h e  t y p i c a l  value of 
( L V / Q ) T = O  equal t o  2.0 f o r  ram j e t s ,  however, t h e  experimental r e s u l t s  
of references 22 and 24 ind ica te  a value of I@/Q which i s  about one 
half  the value predicted by l i n e a r  theory a t  the  Mach numbers of 2.5 and 
3.0 of the t e s t s .  
indicate  the  l i n e a r  theory r e s u l t s  t o  be high by about a f a c t o r  of 2.  
These resu l t s  lead  t o  the  predict ion t h a t  underwing heat addition will 
not increase t h e  range at Mach numbers as low as 3 .  

Also, exact numerical calculat ions i n  reference 8 

I n  reference 7, methods f o r  possible  f u r t h e r  improvement of t h e  
I n  a range efficiency u t i l i z i n g  external  heat  addition are t rea ted .  

l a t e r  section of t h i s  report  methods f o r  evaluating t h e  e f f e c t  on range 
of external heat addition a re  developed i n  more d e t a i l .  

Burnout Velocity Mission 

The eff ic iency r a t i o  f o r  the burnout veloci ty  mission can be w r i t t e n  
with the a i d  of equations (19) and (20) as 

where CL i s  a t o t a l  l i f t  coef f ic ien t  given by t h e  r e l a t i o n  

- 

CW i s  a t o t a l  weight coef f ic ien t  defined as 

. 

and W i s  t h e  instantaneous t o t a l  a i rplane weight. 
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” A s  before ,  S/A can be eliminated from equation (38) by v i r tue  of 
t h e  condi t ion C L =  CW, and t h e  resu l t ing  expression maximized with 

.I respect  t o  8 and Ye/V with t h e  following r e s u l t s :  

Equations (43),  (44),  and (45) are similar t o  equations (28), ( 3 O ) ,  
and (31) which apply t o  t h e  range mission r a the r  than the  burnout veloci ty  
mission here  under consideration. The main difference i s  t h a t  t h e  l o s s  
parameter ([1+ (1/2)~~,,,1(L/D)+(1/2)C~}/~ 41 + (L/D)2 = XBV has t h e  - 

addi t iona l  term (1/2)Cw/& J1 + (L/D)2. 

It should be noted t h a t  i n  prac t ice  the  weight coe f f i c i en t  defined 
i n  equation (40) would depend e x p l i c i t l y  on t h e  r a t i o  of wing s i z e  t o  
engine s i z e  S/A, a f a c t o r  which has been neglected i n  t h e  der ivat ion of 
equation (45).  This dependence can be neglected i f  t h e  va r i a t ions  i n  
wing weight t o  be considered are a small enough f r a c t i o n  of t h e  t o t a l  
a i rp lane  weight. 

The r a t i o  of wing s i z e  t o  engine s i ze ,  the  vehicle  accelerat ion,  
and t he  power coe f f i c i en t  corresponding t o  t h e  optimum ef f ic iency  repre- 
sented by equation (45) a r e  given by t h e  r e l a t ions  

* 
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If  low values of weight coe f f i c i en t  a r e  contemplated CW -? l /3 ,  
t h e  optimum value of 
above can be derived from equation (38) f o r  t he  case of no wing. 

S/A i s  0, and results d i f f e ren t  than those given 

I f  t h e  optimum value of CQ cannot be achieved because of t h e  l i m i t  
imposed by t h e  s toichiometr ic  r a t i o  (eq.  ( 3 5 ) ) ,  t h e  dependence of eff i -  
ciency on CQ i s  of i n t e r e s t .  This dependence i s  given by t h e  r e l a t i o n  

xBvl (49) 

4 

The corresponding values of S/A are given by t h e  expression 

Figure 6 i s  a p l o t  of t h e  reduced over-al l  a i rp lane  e f f ic iency  

t4&ID)/rlth + (L/D)~I ( T V / Q ) ~  =w versus t h e  loss parameter f o r  
severa l  values of t he  reduced power coe f f i c i en t  (q t /&)  cQ, including 
t h e  optimum value. 

Figure 7 i s  a p l o t  of t h e  reduced value of t h e  r a t i o  of t h e  wing 
plan-form area t o  engine inlet  capture area [J l  + ( L / D ) ~ c ~ & I  (s/A) 

with the  parameter 41 + ( L / D ) 2 C ~ / &  
of t h e  reduced power coe f f i c i en t  (qt/qk) CQ, including t h e  optimum value. 

equal t o  18 and f o r  severa l  values 

It can  be seen i n  f igu re  6 t h a t  i f  t he re  i s  an upper l i m i t  on the  
power coef f ic ien t  which decreases with increasing vehicle  speed as i n  
equation ( 3 5 ) ,  then the re  w i l l  be a maximum vehicle  speed which occurs 
when ( T V / Q ) ~  = Also t h e r e  w i l l  be a maximum vehicle  speed beyond 
which any given nonzero value of (TV/Q)L,w cannot be maintained. 

m a x i m u m  veloci ty  i s  obtained by subs t i t u t ing  equation ( 3 5 )  i n t o  (49) with 
t h e  following r e s u l t s  

. 
i s  0. 

This 



Figure 8 i s  a p l o t  of the quantity 

as a function of t h e  l o s s  parameter for  several  values of t h e  quantity 

For t y p i c a l  values of t h e  parameters, t h e  mult ipl icat ion f a c t o r s .  

(1/5) (-1 and (1/2) [&(L/D)/vth + (L/Dl21 a r e  equal t o  1, SO 

t h a t  f i g u r e  8 can be taken t o  be a plot of 
parameter f o r  several  values of (TV/Q)L=~ .  

VmJVsat  versus t h e  loss 

It should be emphasized t h a t  these are maximum v e l o c i t i e s  beyond 
which given values of over-all  airplane e f f ic iency  (or vehicle accelera- 
t i o n  ePficiency) ( T V / Q ) L  = 

v e l o c i t i e s  which can be reached with some assumed engine eff ic iency.  
The curve f o r  (TV/Q)L=w equal t o  0 does have the  spec ia l  s ignif icance 
of representing t h e  ac tua l  maximum vehicle speed because when T becomes 
0 no f u r t h e r  accelerat ion i s  possible.  

cannot be maintained, r a t h e r  than maximum 

The r e s u l t s  p l o t t e d  i n  f igure  8 apply t o  t u r b o j e t  a i rplanes as w e l l  
as ram j e t s .  Let us  consider t h e  requirements f o r  increasing t h e  maximum 
speed of a hypothetical  a i r c r a f t  represented by the  (TV/Q)L=W = 0 curve 
of f i g u r e  8. One way of increasing the maximum speed i s  t o  reduce t h e  
value of  t h e  l o s s  parameter 

From t h e  f i rs t  term it m i g h t  appear t h a t  reducing 
t h i s .  However, as previously mentioned, there  i s  a lower l i m i t  on CW 

L/D would accomplish 



18 

below which the  optimum wing s i z e  i s  0, and t h e  r e s u l t s  given here do not 
apply. For values of CW above t h i s  l i m i t ,  an increase of L/D w i l l  
decrease t h e  l o s s  parameter as one would expect. 

c 

It can be seen qua l i t a t ive ly  t h a t  t h e  o ther  obvious p o s s i b i l i t i e s  
f o r  increasing t h e  maximum speed correspond t o  decreasing t h e  value of 
t he  lo s s  parameter. 

Another p o s s i b i l i t y  f o r  increasing t h e  maximum v e l o c i t i e s  indicated 
i n  f igure 8 i s  by means of combustion under t h e  wing. 
by v i r tue  of t he  use f o r  combustion of otherwise unused a i r  r e su l t i ng  i n  
an increase of t he  e f f ec t ive  power coef f ic ien t .  To increase the  maximum 
vehicle  ve loc i ty  by means of ex terna l  heat  addi t ion,  it i s  not necessary 
t o  produce t h r u s t ,  s ince production of l i f t  by t h i s  means can decrease 
t h e  thrus t  required t o  overcome drag due t o  l i f t .  

This i s  possible  

To estimate the  performance gains which can be achieved by ex terna l  
combustion, t h e  appropriate terms can be added t o  equations (18), (lg), 
and (20). 
from the r e s u l t i n g  expressions and maximized with respect  t o  t h e  design 
var iables  as before.  The I-esults of t h i s  procedure based on t h e  l i n e a r  
theor ies  of references 4 t o  7 ind ica te  t h a t  i n  those cases where ex terna l  
heat  addition i s  advantageous, t h e  amount of such heat ing should be as 
l a r g e  as possible .  

The ef f ic iency  r a t i o s  (LV/Q)T=~ and ( T V / Q ) I , = ~  can be formed 

1 

Methods f o r  evaluating t h e  e f f e c t  on burnout ve loc i ty  of ex terna l  
heat addition a re  t r e a t e d  more s p e c i f i c a l l y  i n  t h e  next sect ion.  

Evaluation of t h e  Effect  on Performance of 
H e a t  Addition Under a Wing 

I n  order  t o  estimate the  e f f e c t  of ex terna l  heat  addi t ion on perform- 
ance, it w i l l  be assumed t h a t  such heat ing a f f e c t s  t h e  wing l i f t  and drag, 
but  has no d i r e c t  e f f e c t  on t h e  o ther  a i rp lane  parameters. It w i l l  also 
be assumed at f i rs t  t h a t  t h e  heat content and combustion e f f ic iency  of 
engine and wing f u e l s  are t h e  same. 
become the expressions 

Thus equations (18), (19) , and (20) 

N 

ve L S  = 2 -  s i n  8 + y j  C D A  L 
cL = (1/2) pV2A v 



Equations (52) and (53) a re  formally i d e n t i c a l  t o  equations (18) 
and (19) .  
power coe f f i c i en t  based on wing plan-form area.  The e x p l i c i t  dependence 
will be discussed l a t e r .  

However L/D and CD a re  now funct ions of C Q ~ ~ ~ ,  t he  wing 

Equations (52) through (54) can be used t o  write the  e f f ic iency  
When t h i s  i s  done a c e r t a i n  grouping of r a t i o  f o r  t h e  range mission. 

terms leads t o  t h e  de f in i t i on  of a quantity (A/~)R 
t o  be an e f f ec t ive  lift t o  drag r a t i o .  The r e l a t i o n  

which can be shown 

appl ies ,  provided the  r a t i o  of wing size t o  engine s i z e  conforms t o  the  
r e l a t i o n  

The quant i ty  (A/6)R 
expression 

appearing i n  equation (55) i s  defined by t h e  

Y 

CL - { 2(Ve/V)sin 0/(1/qt)  (Ve/v)'- qkl jcQwing 

($)R ZZ CD + (2{(Ve/V)COS 0 -  [1+ (J-/2)eDengIl/(1/Vt)[ (Ve/V)'- <k])c&ing 

(56) 

I n  general  (h/6)R 
0 ,  C Q ~ ~ ~ ) .  
of t he  design var iab les  f o r  which ( h / 6 ) ~  remains constant.  
framework of t h e  present model, it turns out t h a t  t he re  i s  no l o s s  o f  
genera l i ty  from t h i s  r e s t r i c t i o n .  

i s  a function of all t h e  design var iab les  (S/A, ?,/V, 
However, it i s  convenient t o  consider only those var ia t ions  

Within t h e  

If (A/~)R i s  a constant,  equation ( 5 5 )  i s  i d e n t i c a l  t o  equation (26) 
(no ex terna l  heat addi t ion)  except tha t  
Further,  t h e  r e s t r i c t i o n  represenLedby equation (56) can be imposed with 
no r e s t r i c t i o n  on t h e  var iables  
C Q ~ ~ ~ ~  properly. Consequently, t h e  ex terna l  hea t  addi t ion  case reduces 
t o  t h e  same problem as f o r  no external heat  addi t ion previously analyzed. 
I n  t h i s  way t h e  e f f e c t  of ex terna l  heat addi t ion  on range can be evaluated 
i n  terms of i t s  e f f e c t  on an equivalent l i f t  t o  drag r a t i o  represented by 
the  quant i ty  (h/6)R 

L/D i s  replaced by ( A / ~ ) R .  

VJV, S/A, and 0 by varying t h e  quant i ty  

given i n  equation (56).  
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It can be seen i n  equation (56) t h a t  i f  t h e  wing power coe f f i c i en t  
C Q ~ ~ ~  i s  0,  (A/~)R i s  equal t o  L/D. I n  general ,  CL and CD depend on 
t h e  value of C & d n g  i n  a way which can be determined independently of c 

t h e  variables 
of these var iab les  i s  needed t o  evaluate  (A/~)R. 
t i o n  ( 5 6 )  can be rearranged t o  t h e  following form: 

Ve/V, 8 ,  and S/A. However, some knowledge of t h e  values 
For t h i s  purpose, equa- 

where the subscr ipts  
respect ively.  Also L/D r e f e r s  t o  t h e  wing. Thus t h e  quant i ty  (LV/Q)eng 
i s  t h e  product of l i f t  due t o  engine exhaust def lec t ion  times vehicle  
veloci ty  divided by the  engine power, while t he  quant i ty  ( f - V / Q ) d n g  
t h e  product of  wing l i f t  times vehicle ve loc i ty  divided by the  power 
expended i n  combustion under t h e  wing. 
i s  contemplated, t h e  r a t i o  (LV/Q)eng/(LV/Q)wing i s  0. The quan t i t i e s  
L/D and ( L V / Q ) e n g  
t h e  e f f ec t s  of  combustion under wings. 
(LV/Q) eng and (m/Q) eng 
However, a t  ve loc i t i e s  near t he  m a x i m u m  vehicle ve loc i ty ,  t h e  quant i ty  
( W/Q) eng 
c i en t  imposed by the  s toichiometr ic  r a t i o .  
(TV/Q) eng 
impulse and f u e l  heat content parameters, tends t o  be less than l / 3  at 
ve loc i t ies  below half  of s a t e l l i t e  speed. I n  the  l a t te r  two cases 
would be nearly equal t o  t h e  f u l l  value of 
combustion under t h e  wing. 

eng and wing refer t o  engine and wing quan t i t i e s ,  

i s  

If no engine exhaust def lec t ion  

can be determined f rom experiments o r  ca lcu la t ions  on 
For many purposes, t h e  quan t i t i e s  

can be estimated t o  be 0 and l /3 ,  respec t ive ly .  

tends t o  become s m a l l  because of t he  l i m i t  on t h e  power coeff i -  

f o r  rocket motors, which can be ca lcu la ted  f rom t h e  spec i f i c  
Also t h e  equivalent value of 

L/D which can be obtained by 

I n  cases where ( A / 6 ) R  i s  not equal t o  L/D, it i s  apparent t h a t  t he  
former should be maximized, r a the r  than the  l a t t e r .  
optimum l i f t  coef f ic ien t  w i l l  be d i f f e ren t  i n  the  presence of ex terna l  
combustion than i n  the  absence of it. This point w i l l  be considered fur-  
t h e r  a f t e r  der ivat ion of r e l a t ions  appl icable  t o  t h e  burnout ve loc i ty  
mission s imilar  t o  t h e  preceding expressions f o r  t he  range mission. 

I n  these  cases the  

From equations ( 5 2 )  t o  (54),  t he  burnout ve loc i ty  e f f ic iency  r a t i o  
can be wri t ten as the  r e l a t i o n  
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and 

or a l t e r n a t i v e l y  

During accelerat ion,  t h e  engine t h r u s t  Teng must exceed t h e  wing 
drag D. Consequently from equation (62) it i s  seen t h a t  t h e  e f f e c t i v e  
l i f t  t o  drag r a t i o  (A/€i),, i s  less than t h e  a c t u a l  lift t o  drag r a t i o .  
However, t h e  vehicle maximum veloci ty  i s  determined by the  condition of 
engine t h r u s t  equal t o  wing drag, s o  t h a t  at v e l o c i t i e s  near t h i s  l i m i t ,  
almost t h e  f u l l  value of L/D would be real ized.  This means t h a t  t h e  
vehicle maximum veloci ty  can be increased by external  combustion. The 
amount of t h e  veloci ty  increase can be estimated from f igure  8 o r  equa- 
t i o n  (51) when the  design parameters are  known and the  increase i n  L/D 
due t o  external  combustion i s  known. 

For example consider a hypothetical tu rboje t  in te rceptor  a i rplane 
which under maximum speed conditions has a value of t h e  loss  parameter 
xBV = 2.5. If it i s  assumed t h a t  the t y p i c a l  values of 1 c i t e d  f o r  f i g -  
ure  8 apply, t h e  m a x i m u m  speed indicated by f igure  8 o r  equation (51) i s  
2280 f e e t  per  second ( t h e  maximum speed occurs at ( T V / Q ) T 2 = ~  = 0 ) .  If it 

and t h a t  enough heat can be added under t h e  wing t o  approximately double 
t h e  value of 
From f igure  8 o r  equation (51), the  maximum speed would then be estimated 
as 2650 f e e t  per  second, an increase of 370 f e e t  per  second (16 percent ) .  

L/D, the  l o s s  parameter can be reduced t o  a value of 2 .2 .  

* e  

For a ram-jet configuration, where smaller values of the  l o s s  parame- 

because of t h e  steepening of the curves f o r  s m a l l  values of the  l o s s  
t e r  are possible,  l a r g e r  percentage gains would r e s u l t  from doubling t h e  
L/D 
parameter indicated i n  f igure 8. 
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I n  t h e  foregoing example nothing has been s a i d  about eff ic iency.  I n  
t h i s  application, the  underwing heat addi t ion does not necessar i ly  increase 
the  efficiency, but it does increase t h e  m a x i m u m  speed, f o r  t h e  same reason 
t h a t  afterburning increases the  speed, namely because t h e  t o t a l  power i s  
increased. 

c 

To determine the e f f e c t  of external  combustion on ef f ic ienc ies ,  it i s  
necessary t o  know the power required t o  produce t h e  increase i n  
Comparison of equations ( 5 7 )  and (62) shows t h a t  i n  t h e  presence of exter- 
n a l  combustion, the  value of t h e  e f fec t ive  l i f t  t o  drag r a t i o  depends on 
the  par t icu lar  mission under consideration. 

L/D. 

It should be emphasized t h a t  the  e f f e c t i v e  l i f t  t o  drag r a t i o s  repre- 
sented by equations ( 5 7 )  and (62) were derived with few assumptions. These 
re la t ions  a r e  not r e s t r i c t e d  t o  l inear ized  theory, and should be applicable 
t o  ra ther  general experimental s i tua t ions .  

I n  order t o  i l l u s t r a t e  the  method appropriate f o r  optimizing t h e  wing 1 

l i f t  coeff ic ient  i n  the  presence of external  combustion, a s implif ied 
model corresponding t o  t h a t  used i n  reference 24 and elsewhere w i l l  be 
adopted as follows: 

where 

C L ~  par t  of the  l i f t  coef f ic ien t  due t o  angle of a t tack  and camber 

LQ additional l i f t  due t o  external  heat addition 

Q external heat power 

CQ external power coef f ic ien t  based on wing plan-form s r e a  

C D ~  drag coeff ic ient  at zero l i f t  coef f ic ien t  and zero ex terna l  power 
coeff ic ient  

th rus t  coef f ic ien t  due t o  heat addi t ion a t  zero l i f t  coeff ic ient  
cTO 8 ’  

I n  these re la t ions ,  a l l  quant i t ies  a r e  wing quant i t ies  and the wing 
subscript  has been omitted. I n  the subsequent development , quant i t ies  
without the engine subscript  a r e  wing quant i t ies .  
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9 With the  def in i t ions  given, equation (63) i s  an i d e n t i t y .  I n  
general ,  t h e  quant i ty  LQV/Q would depend on C L ~  and CQ. However, it 
w i l l  be assumed t h a t  
t heo r i e s  of references 3 t o  7. Similarly, equation (64) can be derived 
from l i n e a r  theory,  and i n  t h a t  case the quan t i t i e s  
a re  constant i f  t h e  magnitude of camber i s  held proport ional  t o  
t h e  thickness  r a t i o  i s  held constant.  

LQV/Q i s  a constant i n  accordance with t h e  l i n e a r  . 
dCD/dCLa2 and C T ~ / C Q  

CL,. and 

We wish t o  m a x i m i z e  ( h / 6 ) ~  and (h/S),v with respect  t o  C L ~  and 
a l so  with respect  t o  CQ. 
be used t o  write equation (56) as the r e l a t ion  

For t h i s  purpose, equations (63) and (64) can 

(u 
0 
rl 
4 I %a+[ (qV/Q)-(Lv/Q) e n g I C ~  

(')R = CDo+(dCD/dCLa22)CLa2+[ (dCD/dCLa2) (LQV/Q)CL,-(CTo/CQ)+(TV/Q)engICQ 

( 6 5 )  
A l l  q u a n t i t i e s  appearing here are t o  be considered constant except 
and CQ. 

C L ~ / [  C D ~  + ( dCD/dCLa2) C L ~ ~ ]  exceeds the quant i ty  

C L ~  
I n  t h a t  case ( h / 6 ) ~  will be a maximum f o r  e i t h e r  a zero o r  an 

c i n f i n i t e  value of CQ, depending on wnether o r  not the quant i ty  

I n  the  former case t h e  result of  NACA TN 1330 (ref.  24) i s  obtained. 
wise CQ should be made as l a rge  as possible,  m-d equation (65) maximized 
with respect  t o  CL, f o r  a f i xed  value of CQ. For t h i s  purpose, it i s  
convenient t o  rewri te  equation ( 6 5 )  i n  terms of t h e  t o t a l  l i f t  coe f f i c i en t  
CL, and f i n d  t h e  optimum value of t h i s  quant i ty  f o r  a f ixed  value of  CQ 
as follows: 

Other- 
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c 

I n  t h e  case of no heating (CQ = O), equations (67) and (68) reduce t o  t h e  
r e s u l t  of reference 24; namely 

It i s  in t e re s t ing  t o  note t h a t  if t h e  value of 
t i o n s  (67) and (68) must be evaluated by successive approximations a l s o  
using equations (18) t o  (29). 
(TV/Q)eng depend on the  value of (~/S)R, which replaces  L/D i n  t h e  
e a r l i e r  r e l a t i o n s .  

CQ i s  given, equa- 

The reason for t h i s  i s  t h a t  (LV/Q)eng and 

4 

On t h e  o ther  hand, i f  a value of (h/6)R i s  given, t h e  required 

can be determined from equation (68) together  with equa- 
value of CQ can be determined from equation (67) i n  terms of C L ~ ~ ~ ,  

and C b p t  
t i o n s  (18) t o  (29) .  

S t a r t i ng  with equation ( 5 5 )  t h e  foregoing procedure i s  r e s t r i c t e d  
by t h e  requirement CD > 0 where 

This puts an upper l i m i t  on CQ. Consequently (A/~)R cannot exceed t h e  
value which y i e lds  an over-al l  value of (LV/Q)T=o equal t o  the  wing 
quant i ty  (LV/Q)D,O. If a value of CQ l a rge  enough t o  reach t h i s  l i m i t  
i s  possible,  no engine i s  needed, t h a t  i s ,  (S/A),,t approaches i n f i n i t y .  

I n  the  foregoing ana lys i s ,  t he  wing thickness  r a t i o  has been held 
constant.  I n  reference 7, it i s  shown t h a t  f o r  given heating, and a 
given thickness d i s t r ibu t ion ,  t he re  i s  an optimum nonzero thickness  r a t i o  
because o f  t h e  dependence of t h e  quant i ty  
When t h i s  f a c t o r  i s  taken i n t o  account, values of (LV/Q)D,o g rea te r  than 
t h e  value f o r  a f r i c t i o n l e s s  f l a t  p l a t e  are possible  according t o  t h e  
l i n e a r  theory. 
b i l i t y  using exact theory have fa i led t o  show t h e  expected gains i n  the  
cases considered. However, all cases of i n t e r e s t  have not been s tudied 
as y e t .  

C T ~ / C Q  on t h e  thickness  r a t i o .  

Preliminary results of an inves t iga t ion  of t h i s  possi- 



25 

I n  t h e  burnout ve loc i ty  case, underwing heat  addi t ion w i l l  be 
advantageous a t  lower speeds than i n  the range case, because of t h e  added 
term i n  t h e  loss  parameter. 
mission a r e  obtained as follows: 

. 
Equations analogous t o  those f o r  t h e  range 

Comparison of equations (73) and (74) with (67) and (68) shows t h a t  
t h e  optimum value of e f f ec t ive  l i f t  t o  drag r a t i o  ( represented by 
and t h e  optimum l i f t  coef f ic ien t  depend not only on engine parameters 
but  a l so  on t h e  mission under consideration. 

h / 6 )  

A l l  of t h e  r e l a t ions  given i n  t h i s  sec t ion  can be a l t e r e d  t o  take  
i n t o  account a possible  difference i n  the  wing and engine f u e l  heat  
content parameters ( k ) .  This i s  accomplished by dividing 

everywhere by keng and by dividing Q d n g  and C Q ~ ~ ~ ~  everywhere by 

kwing. 

&eng and C Q ~ ~ ~  

For example equations (57) and (62) become t h e  r e l a t i o n s  

Thus i f  t he  wing f u e l  has lower heat content pe r  u n i t  weight than t h e  
engine f u e l ,  t h e  e f f ec t ive  l i f t  t o  drag r a t i o  
the  heat  content were equal.  

h/6 w i l l  be l e s s  than i f  

Equations (73) and (76) can be fu r the r  modified t o  take i n t o  account 
unequal combustion e f f i c i enc ie s  by multiplying each heat  content parameter 
by a corresponding combustion eff ic iency . 
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Fuselage Drag 

.r 

I n  applying the  foregoing r e s u l t s  t o  a i rp lanes ,  t h e  question arises 
as t o  whether t he  fuselage drag should be included as engine drag or as 
wing drag, assuming t h a t  these  items can be separately defined. It i s  
apparent t h a t  t h e  same e f f e c t  w i l l  not r e s u l t  from both choices.  For 
example, i f  an addi t iona l  drag i s  included as wing drag, t h e  optimum l i f t  
coef f ic ien t  w i l l  be increased. If t h e  same drag i s  charged ins tead  t o  
t h e  engine, t h e  optimum power coef f ic ien t  w i l l  be increased, but  t h e  
optimum l i f t  coef f ic ien t  w i l l  be unaffected by t h e  addi t ion.  

Whether t he  fuselage drag should be charged t o  t h e  engine o r  t o  t h e  
wing depends on whether t h e  fuselage s i z e  i s  he ld  proport ional  t o  t h e  
engine s i ze  o r  t o  t h e  wing s i z e  when a va r i a t ion  of r e l a t i v e  s i z e s  i s  
considered. I n  e i t h e r  case,  it i s  des i rab le  t o  hold t h e  fuselage drag 
t o  as l o w  a value as possible .  

A t  hypersonic speeds, it may be poss ib le  t o  hold t h i s  drag t o  a low 
l e v e l  by placing the  fuselage i n  the  low pressure region above t h e  wing, 
o r  by using it t o  produce l i f t ,  such t h a t  t h e  wing-fuselage combination 
i s  as e f f i c i e n t  as a wing alone would be.  If a l a rge  enough fuselage can 
be obtained i n  t h i s  way, t h e  fuselage drag can be charged t o  the  wing. 
However, when t h e  fuselage drag i s  a l a r g e  adverse item, it should proba- 
b l y  be charged t o  t h e  engine i n  analyzing t h e  range and burnout ve loc i ty  
missions. J u s t i f i c a t i o n  f o r  t h i s  contention i s  given i n  appendix C .  A s  
a r e s u l t ,  t h e  optimum power coe f f i c i en t  may be considerably increased 
over the value which would apply t o  t h e  engine alone. 

Rocket Ram Jet 

Several types of hypersonic vehicles  should be analyzed f o r  compari- 
son w i t h  configurations employing ex terna l  heat addi t ion.  One of these,  
t h e  rocket ram j e t  i s  e s s e n t i a l l y  composed of a rocket motor exhausting 
i n t o  the  combustion chamber of a ram j e t  (see ref. 23).  
ment has t h e  advantage over an ordinary ram j e t  t h a t  it can produce th rus t  
at all ve loc i t i e s  from zero t o  beyond t h e  maximum veloc i ty  of t h e  ordinary 
ram j e t .  A t  low speeds the  spec i f i c  impulse of t h e  rocket motor i s  aug- 
mented by v i r t u e  of t h e  increased j e t  e f f ic iency  r e su l t i ng  from the  mixing 
of air  with t h e  rocket exhaust. A t  intermediate speeds where t h e  ram j e t  
i s  most e f f i c i e n t ,  t h e  rocket f u e l  can be conserved. At high speeds where 
t h e  ram j e t  optimum power coe f f i c i en t  exceeds the  value imposed by the  
stoichiometric r a t i o ,  t h e  rocket motor can be used t o  increase the  effec- 
t i v e  power coe f f i c i en t .  These e f f e c t s  can be approximated by considering 
a conventional ram j e t  which uses two independent f u e l s .  I n  t h a t  case, 
it i s  the quant i ty  k(TV/Q)L,w appearing i n  equation (9)  which should 

be maximized r a the r  t h a t  ( T V / Q ) L = w  alone, s ince t h e  e f f e c t i v e  value of 
k depends on t h e  r e l a t i v e  values of t h e  m a s s  flow f o r  t he  two f u e l s .  If 

Such an arrange- 
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f o r  example gasoline i s  considered as one f u e l  and t h e  combination of 
gasol ine and l i q u i d  oxygen as the  second f u e l ,  t h e  heat content per  u n i t  
m a s s  of t h e  second f u e l  i s  about one t h i r d  the  value f o r  t h e  first f u e l .  
A t  vehicle  speeds g rea t e r  than those for  which the  optimum power coeff i -  
c i e n t  cari be achieved by t h e  f i rs t  fue l  alone, t he re  will be a nonzero 
optimum value of mass flow f o r  t he  second f u e l .  This optimum f o r  the  
burnout ve loc i ty  mission can be obtained by expressing the  combination 
k(TV/Q) = as  follows: 

where t h e  subscr ipt  (1) r e fe r s  t o  t h e  f i r s t  f u e l  and t h e  subscr ipt  (2)  
t o  t h e  second fue l .  Since t h e  quantity Q1 + Q i s  t h e  t o t a l  heat added 
pe r  u n i t  time, equation (20) i s  replaced by 

while equations (18) and (19) remain the same. 

Subs t i tu t ion  of equations (19) and (77) i n t o  (78) y i e lds  

(79) 
W e  wish t o  maximize t h i s  expression with respect  t o  8 and fe/V f o r  

a f ixed  value of  C Q ~ .  
following equation ( 3 8 ) ,  since equation (79) d i f f e r s  from (38) only i n  
t h e  constant f a c t o r  kZ/kl and i n  that  t h e  quant i ty  ~ k + [ l - ( k 2 / k l ) ] ~ t C ~ l  
of equation (79) replaces  t h e  quantity ijk i n  equation (38). The r e s u l t  
i s  t h e  r e l a t i o n  

This process is  formally t h e  same as t h e  process 

1 Y-3 [ 1+(1/2) e~,,,] (L/D) +(1/2 ) Cw 

+ k [ 1+(1/2) ( L/D) +(1/2) Cw c l+[l-(kz/ki)l(T/t/ik)CQl & .i1+(L/D)2 J1+[l-(k,/k,)l(st/ak)CQl .iiik 
This r e s u l t  d i f f e r s  from t h a t  f o r  t h e  s ing le  f u e l  ram j e t  mainly i n  

t h e  f a c t o r  
i s  about l/3. 
maintained t o  a higher ve loc i ty  than the ram j e t  can operate,  assuming 
t h a t  t h e  s t r u c t u r a l  heat ing problems can be solved. 

k2/kl, which f o r  (1) gasoline, (2)  l i q u i d  oxygen and gasoline 
However t h i s  eff ic iency f o r  t he  rocket ram j e t  can be 
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The ef f ic iency  represented by equation (80) corresponds t o  near ly  
per fec t  m i x i n g  eff ic iency and assumes recombination i n  the  nozzle such 
t h a t  the exhaust gas i s  near ly  i n  chemical equilibrium. 
hand the addi t iona l  t h r u s t  due t o  the  f u e l  mass flow i s  a l s o  neglected,  
an unfavorable assumption which i s  not j u s t i f i e d  f o r  l a rge  f u e l  mass 
f low.  

On t h e  other  

Evolution of t h e  rocket ram j e t  may r e s u l t  i n  the  p o s s i b i l i t y  of 
accelerat ion from r e s t  t o  a ve loc i ty  of 10,000 f e e t  per  second f o r  a mass 
r a t i o  of about 2. I n  such an appl icat ion,  ex terna l  heat addi t ion  may 
prove t o  be important i n  reducing the  amount of rocket f u e l  required.  

A 

CONCLUDING REMARKS 
1 
0 
2 

Basic ram-jet a i r c r a f t  design considerations have been reviewed at 
a l e v e l  o f  s impl i f ica t ion  appropriate f o r  comparison of ex terna l  heat 
addi t ion schemes with conventional configurations.  

The r e s u l t s  of these s tud ies  can be used t o  determine whether 
ex terna l  combustion i s  advantageous i n  comparison t o  more conventional 
arrangements when it i s  known what t he  forces  r e su l t i ng  from combustion 
w i l l  be .  Estimates of these  forces  vary widely i n  the  speed range not 
covered by experimental r e s u l t s  both f o r  ex terna l  combustion and f o r  con- 
ventional ram jets.  
f o r  combustion under a wing show the  e f f e c t  of such combustion on range 
t o  be disadvantageous compared t o  i n t e r n a l  combustion. However, these 
r e s u l t s  show t h a t  the  maximum speed of ex i s t ing  a i rp lanes  could be 
increased by combustion under the  wing i n  cases where t h e  maximum speed 
i s  not determined by s t r u c t u r a l  heating. 

A t  Mach numbers 2.5 and 3.0 experimental r e s u l t s  

It is  t o  be expected t h a t  f r i c t i o n  drag and shock lo s ses  w i l l  con- 
t inue  t o  r i s e  f a s t e r  with increasing vehicle  speed than does the  a i r  mass 
flow i n  conventional ram j e t s .  
an  oxidant, a t  some Mach number between 5 and 10, t he  heat power ava i lab le  
fa l l s  below the values required f o r  e f f i c i e n t  operation. 
ex terna l  combustion, another p o s s i b i l i t y  f o r  counteracting t h i s  d i f f i c u l t y  
i s  the  rocket ram j e t  which c a r r i e s  addi t iona l  oxidant i n  order t o  
increase the  power ava i lab le .  

Consequently i f  only a i r  i s  ava i lab le  as 

I n  addi t ion  t o  

Ames Research Center 
Nat ional  Aeronautics and Space Administration 

Moffett F ie ld ,  C a l i f . ,  May 26, 1959 



APPENDIX A 

SYMBOLS 

A engine inlet capture area 

A, engine exhaust area 

B fuselage frontal area 

CD wing drag coefficient, D 
( l / 2>PV2S 

fuselage drag coefficient, DB 
( 1/2 1 PV2B 

engine drag coefficient, Deng 
‘Deng (1/2) PV2A 

quantity, ‘Deng + A 4 (1/2)pv2 P Y 

‘Deng 

wing drag coefficient at zero lift coefficient and zero wing 
power 

‘DO 

CL wing lift coefficient, L 
(1/2) PV2S 

part of wing lift coefficient due to angle of attack and camber ‘La 

cL airplane lift coefficient, 
( 1/2 ) PV2A 

CQ power coefficient, Q 
(1/2) pV2AV 

wing power coefficient, Qwing 
‘Qwing (1/2) pv2sv 

additional wing thrust due to heat addition at zero lift 
coefficient 

cTO 

C T  net airplane thrust coefficient , T 
( 1/2 ) PV2A 

airplane weight coefficient, W 
.. C W ( 1/2 1 PV2A 
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D wing drag (including drag due t o  combustion under wing when 
ap p l  i c ab 1 e ) 

% fuselage drag 

Deng engine drag 

g accelerat ion due t o  gravity,  32.2 f t /sec2 

h free-stream enthalpy 

he enthalpy at t h e  e x i t  i n  t h e  engine exhaust 

I ef fec t ive  spec i f ic  impulse 

k dimensionless f u e l  heat content parameter defined i n  equa- 
t i o n s  (6)  and (7) 

L wing l i f t  ( including l i f t  due t o  combustion under wing when 
appl i c ab 1 e ) 

addi t ional  wing l i f t  due t o  combustion under the  wing LQ 

L t o t a l  a i rplane l i f t  

4 

M free-stream Mach number 

P free-stream pressure 

Pe pressure at t h e  e x i t  i n  t h e  engine exhaust 

Q 

Qeng 

&wing 

heat power added t o  t h e  a i r  

heat power added t o  the  a i r  i n  the  engine 

heat power added t o  t h e  a i r  under t h e  wing 

S wing plan-form area 

t time 

Teng engine propulsive t h r u s t  

T over-al l  a i rplane t h r u s t ,  engine t h r u s t  minus airplane drag 

v 

ve 

vehicle veloci ty  o r  free-stream veloci ty  

veloci ty  at the e x i t  i n  the  engine exhaust 
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4 

I 
4 

Ve 

Vsat 

W 

xBV 

a 

Y 

rl 

7 t  

A 
6 
- 

0 

P 

Pe 

quant i ty ,  V e  1 + - ( pr;e2) 

sa te l l i t e  veloci ty ,  26,100 f t / s ec  

t o t a l  instantaneous airplane weight 

combustion parameter defined i n  equation ( 3 5 )  

r a t i o  of spec i f i c  heats  for a i r ,  7/5 

over-al l  a i rp lane  eff ic iency,  

combustion e f f ic iency  

engine over-al l  eff ic iency 

over-al l  k ine t i c  energy eff ic iency 

idea l  thermodynamic cycle eff ic iency 

e f f e c t i v e  l i f t  t o  drag r a t i o  i n  t h e  presence of ex te rna l  
combust ion 

engine exhaust def lec t ion  from hor izonta l  

free-stream density 

densi ty  at the  e x i t  i n  t h e  engine exhaust 



Subscript  s . 
An equation wr i t ten  as a subscr ipt  on a bracket denotes a condition 

imposed on the  bracketed quant i ty  

a 

BV 

e 

eng 

i 

m a x  

opt 

Q 

R 

wing 

1 

2 

aerodynamic (e .g . ,  C L ~ ,  t h e  p a r t  of t h e  l i f t  coe f f i c i en t  due t o  
angle of a t t ack  and camber) 

burnout veloci ty  mission 

conditions at the  engine exhaust o r  exi t  plane 

engine quan t i t i e s  

i n i t i a l  conditions 
? 
P 
0 
Iu 

m a x i m u m  value 

optimum value 

heating (e.g. ,  LQ, t he  addi t iona l  wing l i f t  due t o  combustion 
under t h e  wing) 

range mission 

wing quan t i t i e s  

f irst  f u e l  

second f u e l  
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4 APPEJYDIX B 

EVALUATION OF ENGINE PARAMETERS FROM 

E;PERIMENTA.L DATA 

If only engine quan t i t i e s  a re  retained, equations (19) and (20) 
become t h e  r e l a t i o n s  

- 
T = 1; 2 pV2A(,[ - (l + $ 6Deng)]} 

Q = $ pV2AV{ [($r - Vk]} 

- 
Using these  r e l a t ions ,  we wish t o  evaluate t h e  constants  C D ~ ~ ~ ,  

q t ,  and fik from experimental measurements of t h e  t h r u s t  T a i  sever& 
values of t h e  heat power Q. It may be r eca l l ed  t h a t  t h e  heat power i s  
r e l a t e d  t o  t h e  fuel mass flow by the r e l a t ion  

where d(-W/g)/dt i s  t h e  f i e1  mass flow, and t h e  
defined i n  appendix A. 

( 6 )  

other  quan t i t i e s  are 

u 

It should be recognized t h a t  t h e  value of CD,,~ which w i l l  be 
determined i n  t h i s  process w i l l  not necessar i ly  be t h e  same which will 

Y 

apply when t h e  engine i s  i n s t a l l e d  i n  an airplane;  C D ~ ~ ~  
t h e  r e l a t i o n  

i s  defined by 

where 

I When t h e  engine i s  i n s t a l l e d  i n  an airplane,  t h e  quant i ty  Deng should 
encompass an ex terna l  drag including the fuselage drag as discussed i n  
t h e  t e x t  and i n  appendix C .  
data, can be added la te r .  

Such terms, not included i n  t h e  experimental 
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Eliminating t h e  quant i ty  Ve/V from these  equations y i e lds  t h e  
r e l a t ion  

o r  

Since we wish t o  e s t ab l i sh  equations (Bl) and (B2)  on a semiempiri- 
CD,,~ cannot be accurately evaluated 

+ 
c a l  basis, t he  basic component of 
independently of t h e  o ther  parameters q t  and fik. 

It i s  convenient t o  define t h r u s t  and power coe f f i c i en t s  by t h e  

L 

r e l a t i o n s  

by f i t t i n g  t h e  experi- 
eng Then we wish t o  determine v t ,  flk, and ED 

mental data with a r e l a t i o n  of t h e  form 

where 

and 

a 
7 t  = 
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(B12) ' 

Engine data  a re  not of ten  given in  t h e  form of CQ versus CT, but 

CQ and C T  by 
a re  sometimes given as over-all  engine e f f ic iency  
over-al l  engine e f f ic iency  can be expressed i n  terms of 
t h e  r e l a t i o n s  

ve versus CT. The 

where vC i s  t h e  combustion efficiency. 

Equation (B14) can always be f i t t e d  t o  the  experimental data  i n  t h e  
neighborhood of a p a r t i c u l a r  value of t he  t h r u s t  coe f f i c i en t .  
t he  values of t h e  parameters qt, i&, and CUD 
w i l l  vary w i t h  free-stream Mach imiiber sxd przaaurz m 2  y - i l l  -;ary v5th 
CT, but  because of t h e i r  d i r ec t  connection with a i rp lane  performance, they 
a re  usefu l  concepts. 

I n  general, 
determined i n  t h i s  way 

eng 

Values of 7% determined i n  t h i s  way from ca lcu la ted  data  f o r  ram- 
j e t  engines, given i n  reference 23, vary between 0.53 and 0.64, while 
.;ik var i e s  from 1.13 t o  1.30, and C " D ~ ~ ~  from 0.18 t o  0.34. These 
ca lcu la t ions  were f o r  t h e  Mach number range from 3 t o  7. 



APPENDIX C 

ARGIJPENT FOR INCLUDING FUSELAGE DRAG I N  

ENGINE DRAG TERM 

Suppose we have a given fuselage with f r o n t a l  area B. What s i z e  
should the engine and wing be? 
(l9), and (20)  can be rearranged as follows: 

To a n s w e r  t h i s  question, equations (18), 

where 

B fuselage f r o n t a l  area (body) 

A engine i n l e t  capture area 

S wing plan-form area 

CQ fuselage drag coef f ic ien t  

and t h e  other quant i t ies  a r e  as defined i n  t h e  t e x t  

The range eff ic iency f a c t o r  can be wri t ten as 

The condition T = 0 w i l l  be imposed i f  t h e  r e l a t i o n  

i s  s a t i s f i e d .  
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Subs t i tu t ion  of equation (CS) into ( C 4 )  and rearrangement y i e lds  
t h e  r e l a t i o n  

This equation i s  iden t i ca l  t o  equation (26) of t h e  t e x t  except t h a t  
t he  quant i ty  1 + ( 1 / 2 ) C " ~ ~ ~ ~  

1 + (1 /2)c"~ , ,~  + (1/2)(B/A)C@. 
equation ( C g )  does not prevent 
be concluded t h a t :  (1) t h e  r a t i o  of fuselage s i z e  t o  engine s i z e  should 
be as s m a l l  as possible;  (2)  t he  fuselage drag should be included i n  t h e  
engine drag term. 

i n  equation (26) i s  replaced by the  quant i ty  
If the wing s i z e  i s  t o  be var ied so t h a t  

Ge/V and 8 from varying f r ee ly ,  i t ' c a n  

The same conclusions can be reached f o r  t h e  burnout ve loc i ty  mission. 

Equation ( C l )  does not include a fuselage l i f t  term. Inclusion of 
such a term does not alter t h e  conclusions as long as t h e  fuselage l i f t  
t o  drag r a t i o  i s  less than t h a t  of the wing. The fuselage optimum l i f t  
coe f f i c i en t  occurs a t  the  m a x i m u m  ruseiage i i f t  t o  drag r a t i o ,  as one 
would expect. 
e f f ec t ive ly  decreased by the  f a c t o r  

When t h e  fuselage develops l i f t ,  t h e  fuselage drag i s  

. 
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Figure 1.- Optimum values of range efficiency. 



42 

6.0 

4.5 

3 .c 

I t  

I -  L 
( ’+? CDeng) n 

Loss parameter 

Figure 2.- Ratio of wing plan-form area t o  engine i n l e t  capture area f o r  
maximum range. 
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Figure 4.- Range efficiency factor for several values of power coefficient. 
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Figure 5.- Optimum r a t i o  of wing plan-form area t o  engine in le t  capture 
area for several  values of power coef f ic ien t .  
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Loss parameter JzgF 
Figure 6.- Over-all airplane efficiency for several values of power 

coefficient . 
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